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ABSTRACT: Two-dimensional conjugated zigzag naphthodithio-
phene was used for construction of novel polymer photovoltaic
materials. Two novel copolymers based on zigzag naphthodithiophene
and alkylthieno[3,4-c]pyrrole-4,6-dione inserted with different alkyl
substituted thiophene as bridges have been designed and synthesized
(PzZNDTT-TPD1 and PzZNDTT-TPD2, respectively). The best power
conversion efficiency of a PZNDTT-TPD1-based device reaches 7.50%
at an active layer thickness of 203 nm and the device performances of
PzNDTT-TPD1-based polymer solar cells are all above 6.4% with
active layer thickness variations from 141 to 244 nm, suggesting that it
is very suitable for the fabrication of high performance, large area
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solution-processed polymer solar cells.

B INTRODUCTION

Over the past decade, encouraging progress has been made in
the field of bulk-heterojunction (BHJ) polymer solar cells
(PSCs). Power conversion efficiency (PCE) of PSCs has
increased from less than 1%’ to 10.6% by the rational design of
polymer molecules,® the varied modification of the interface
layer,4 the constant innovation of device structure,® and so on.
Even so, there exist several requirements along the road of the
commercial application of PSCs, including better film-
formation capability, higher efficiency, and better stability.
The most prominent one is the one that indicates that
optimum film forming conditions for high efficient polymers
should satisfy the large area printing technology required by
potential industrial production. Therefore, it is especially
important for the high efficient photovoltaic materials that
the device performance should be relatively independent of the
film thickness of the active layers, and good performance could
be obtained by using their thick-films. To date, construction of
a donor—acceptor (D—A) copolymer is an effective strategy for
obtaining high efficient polymer material for PSCs.° However,
compared with poly(3-hexylthiophene), the device perform-
ance based on most of the D—A polymers is highly dependent
on active layer’s film thickness. The performance of most of the
D—A polymer devices normally decreases obviously as the film
gets thicker than 100 nm. Only a few of them could achieve a
PCF; higher than 6% when the film thickness is larger than 200
nm.

To obtain a material with good performance by using thick-
films, excellent charge transport property is expected. Benzo-

-4 ACS Publications  © 2014 American Chemical Society

6947

Voltage (V)

[1,2-b:4,5-b"]dithiophene (BDT) is a representative building
block for high mobility polymer semiconductors since it has a
large planar conjugated structure and easily forms 7—7 stacking,
which could improve charge carrier mobility.® In numerous D—
A copolymers, BDT-based polymers account for a substantial
percentage of excellent organic photovoltaic materials whose
PCEs exceed 8%.” To further improve the performance of BDT
based copolymers, vertical and horizontal expanding of their 7-
conjugated regions are carried out. Along the vertical axis, a
two-dimensional (2-D) conjugated concept is applied to the
BDT system, and a high PCE copolymer based on a BDT unit
with two thienyl conjugated side chains (BDTT) is
synthesized."® It has been proved that 2-D conjugated polymers
could exhibit red-shifted absorption spectra, lower highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) energy levels, higher hole mobility,
and greatly improved photovoltaic properties,"" and a PCE of
8.4% was obtained as the film got thicker than 200 nm."* Along
the horizontal axis, BDT could be extended to a tetracyclic
naphthodithiophene (NDT). Just as many polycyclic aromatic
hydrocarbons do, NDTs have isomeric structures including
linear and zigzag shapes.'’ Linear naphtho[2,3-b:6,7-b']-
dithiophene (INDT) was preferentially introduced to the
organic photovoltaic'* than zigzag naphtho[1,2-b:5,6-b’]-
dithiophene (zNDT)."> However, the zNDT unit is more
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Scheme 1. Synthetic routes of PZNDTT-TPD1 and PzZNDTT-TPD2“

TPD2
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“Reagents and conditions: (a) 2-bromo-5-(2-ethylhexyl)thiophene, Pd(PPh;),, K;(PO,), H,O, THF, refulx, 24 h; (b) tetrabutylammonium fluoride,
THEF, room temperature, 12 h; (c) n-butyllithium, THF, 0 °C, 2 h, then trimethyltin chloride, room temperature, 12 h; (d) Pd,(dba);, P(o-tol)s,
chlorobenzene, 130 °C, 30 h; (e) Pd,(dba),, P(o-tol);, chlorobenzene, 130 °C, 48 h.

suitable for the construction of highly efficient D—A
copolymers,'® which is probably due to its lower HOMO
energy level, higher hole mobility, and higher space utilization
of zigzag chemical structure than BDT and INDT."**
conjugated polymers based on the zZNDT unit were synthesized
for high performance organic field-effect transistors (OFETs),'®
and one of the zZNDT-based copolymers has achieved PCE up
to 8.2% even when the film thickness is larger than 200 nm."”
Integrating vertical and horizontal expanding strategy of 7-
conjugated region, 2-D conjugated zNDT, attaching two
thienyl conjugated side chains on the zZNDT core (zNDTT),
might be an excellent potential candidate unit for the design
and construction of highly efficient thick-film devices, for such a
structure may be able to expand the conjugating surface,
enhance intermolecular 7—7x interactions and facilitate the
charge transport.

In this work, two novel copolymers based on zNDTT and
alkylthieno[3,4-c]pyrrole-4,6-dione (TPD) inserted with differ-
ent alkyl substituted thiophene as bridges have been designed
and synthesized (as shown in Scheme 1). Both two polymers
were obtained by a conventional polymerization method and
had high solubility in many common organic solvents, which

17 .
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6948

ensure the simple solution-processed fabrication of PSC
devices. As expected, the low-lying HOMO energy level and
high hole mobility can be obtained by introducing the extended
2-D conjugated zNDTT wunit into polymer backbones.
Impressively, the device performances of PzNDTT-TPDI1-
based inverted PSCs are all above 6.4% with active layer
thickness varying from 141 to 244 nm, indicating that the
polymer is relatively not sensitive to film thickness, which is a
very important characteristic to meet industrial production
requirements. The best PCE reaches 7.50% at an active layer
thickness of 203 nm, which gets it on to the list of only a few
highly efficient polymers with film thickness more than 200 nm.
Such a compatibility of high efficiency and thick active layers
shows a potential application of zZNDTT-based polymers in
fabricating high performance, large area solution-processed
PSCs.

B RESULTS AND DISCUSSION

The synthetic routes of the two polymers are shown in Scheme
1. The copolymers of PZNDTT-TPD1 and PzZNDTT-TPD2
were synthesized by Stille-coupling reaction using chloroben-
zene as solvent and a catalyst system based on Pd,(dba); as
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Figure 1. UV—vis absorption spectra of PZNDTT-TPD1 and PZNDTT-TPD2 in 1 X 107> M chlorobenzene solutions (a) and films (b).

source of palladium and P(o-tol); as Iigand.20 Monomer 1 was
prepared by the method reported in the previous literature,”"
and the detailed synthesis procedures are described in
Supporting Information (Scheme S1).

The optical properties of the two polymers were investigated
by UV—vis absorption spectra both in chlorobenzene solution
and thin films (Figure 1). The detailed data are also
summarized in Table 1. PZNDTT-TPD1 shows an obvious

Table 1. Optical Properties and Electrochemical of Polymers

Amax [0m] Ay [nm]  E™ ES Eyono  Erumo
polymer solution Film [eg\/ ] [ei’} [eV] [eV]
PzNDTT- 539 588 1.94 2.03 -5.5§ —3.52
TPD1
PzNDTT- 499 528 1.98 2.10 —5.58 —348
TPD2

shoulder peak at ca. $70 nm in the dilute solution state (1 X
1075 M), which can be assigned to the stronger intermolecular
interactions even in dilute solution. However, the shoulder peak
became weak gradually as the solution temperature increased
and disappeared finally at ca. 100 °C (see Supporting
Information, Figure S1), implying that PZNDTT-TPD1 chains
are fully dissolved by heating. Therefore, high-temperature gel
permeation chromatography (GPC) was performed on
PzNDTT-TPD1 using 1,2,4-trichlorobenzene as the eluent at
140 °C (see Supporting Information, Figure S2) to validate its
accurate molecular weight (M,, = 24.9 kDa and M,, = 56.8 kDa).
With the formation of the film, a remarkable enhanced intensity
peak at 588 nm is observed for PZNDTT-TPD1, which is an
indication of an increased degree of polymer aggregation and
backbone planarization compared to the solution state.””
PzNDTT-TPD2 did not show the shoulder peak in the dilute
solution state, but it appeared in the film state demonstrating
enhanced intermolecular interactions. From the film absorption
edge of PZNDTT-TPD1, the optical band gap can be calculated
as 1.94 eV, which is smaller than that of PZNDTT-TPD2 (1.98
eV). The smaller band gap of PZNDTT-TPD1 may be related
to its better molecular stacking as will be discussed in the
following section. Moreover, the red-shift and strong shoulder
of PZNDTT-TPD1 may also be related to its higher molecule
weight since the band gap decreases with the increase in
molecular weight because of a longer conjugation length,23 and
molecular weight also has an influence on the vibronic
structures of the peaks.”* Significant influence of the alkyl
chain positions was also reported on the BDT-based
copolymers by Leclerc et al.*®
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The energy levels of two polymers were determined by cyclic
voltammetry (CV) measurements in thin films (see Supporting
Information, Figure S3). The detailed data are also summarized
in Table 1. Both the HOMO levels of the two polymers were
very deep (— 5.55 eV for PZNDTT-TPD1 and —5.58 eV for
PzNDTT-TPD2) due to the weaker electron-donating
capability of the zZNDT unit. These very deep HOMO locations
are a benefit for obtaining high open circuit voltage (V) values
in PSCs because the V,_ is mainly proportional to the energy
level difference between the HOMO of the polymer donor and
the LUMO of the fullerene derivative acceptor.”®

In order to characterize and compare the photovoltaic
properties of the two polymers, PSCs were fabricated with an
inverted structure of ITO/ZnO/polymer/PC,;BM(w/w)/
MoO, /Ag. The inverted structure was chosen here mainly
due to the high stability of this kind of device toward to future
applications.2 Different conditions such as D/A ratios (w/w),
additive ratios (v/v), and active layer thicknesses were
systematically investigated to obtain the optimal device
performance (see Supporting Information, Tables S1, S2, and
$3). In addition, since the two polymers showed the best
solubility in chloroform at low temperature, all of the films were
spin-coated from the chloroform solution. First, different D/A
weight ratios were tried, and the optimal ratio for both
polymer-based devices was 1:1 (Table S1, Supporting
Information). Then, different doses of additive, 1,8-diiodooc-
tane (DIO), were added to the blend solution which was
expected to tune the film morphology and device performance.
The PCE of PzZNDTT-TPD1 doubled to 5.48% by adding a
very small amount of DIO (0.75%, v/v), while that of
PzNDTT-TPD2 based PSC rose from 1.88% to 3.54% with
3% DIO (v/v). The results suggest that the increase of PCE
arises from the addition of DIO tuning better morphology,
which can be confirmed by the following atomic force
microscopy (AFM) analysis. More interestingly, the PCE of
PzNDTT-TPD1 could keep above 5% with only minor
variations, when DIO amounts ranged from 0.5 to 5% (v/v)
(Table S2, Supporting Information). One possible explanation
is that the difference in the morphology of the blend films
prepared with various doses of DIO is very little (see Figure S4
in Supporting Information). The similar phenomenon was also
observed by Tao et al., who also used chloroform and DIO as
solvent, and the changes in morphology and device perform-
ance were quite small even when DIO content increased from
1% to 6%.°

Finally, the dependence of the device performance on the
active layer thickness was further investigated. Generally, most
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Chemistry of Materials

(@ 80
144
o~ 70
tE» 12
H — |e
b 10_ R s
2 50
o
° 8
€
8 40
3 64
o
30
4
T v T T T
50 100 150 200 250 300

Thickness (nm)

—_
2)
~

34 PzNDTT-TPD1
o— PzNDTT-TPD2

Current density (mAIcmz)

00 02 04 06 08 10
Voltage (V)

(%) 44

(b)
84
74
g o
w
(5] 54
[-%
44
34
24
T T T T T
50 100 150 200 250 300
Thickness (hm)
d
75 o— PzNDTT-TPD2
60
g
w451
[<]
w
304
15
0 T T T T
300 400 500 600 700 800

Wavelength (nm)

Figure 2. Plot of trends of J,./FF (a) and PCEs (b) with the active layer thickness for PZNDTT-TPD1-based inverted solar cells; the best J—V curves
(c) and EQE curves (d) of inverted solar cells based on PZNDTT-TPD1/PC,;BM and PZNDTT-TPD2/PC,,BM prepared under the optimal

conditions.

Table 2. Optimized Device Performance Data for PZNDTT-TPD1/PC,,BM as the Thickness of Active Layer Increased and the
Best Data for PZNDTT-TPD2/PC.,BM under the Illumination of AM 1.5 G, 100 mW/cm>*

Vee [V]
0.85 (0.84 + 0.01)
0.84 (0.84 + 0.01)
0.85 (0.84 + 0.01)
0.86 (0.85 + 0.01)
0.86 (0.86 + 0.01)
0.85 (0.84 + 0.01)
0.85 (0.84 + 0.01)
0.88 (0.88 + 0.01)

Jic [mA/cm?]
9.56 (9.35 + 0.21)
9.54 (9.50 + 0.09)
11.92 (11.02 + 0.90)
12.15 (12.28 + 0.30)
12.73 (12.52 + 0.36)
12.24 (12.35 + 0.11)
12.45 (12.59 + 0.14)
6.09 (606 + 0.03)

polymer
PzNDTT-TPD1?

PzNDTT-TPD2°¢

FF PCE [%] thickness [nm]

0.68 (0.67 + 0.01) 5.48 (5.34 + 0.14) 87 £S5

0.70 (0.69 + 0.01) 5.61 (5.56 & 0.05) 109 +9
0.66 (0.67 + 0.03) 6.76 (6.48 + 0.28) 141+ 6
0.68 (0.66 + 0.02) 7.04 (6.90 + 0.14) 168 + 7
0.68 (0.68 + 0.02) 7.50 (7.40 + 0.10) 203 + 5
0.62 (0.61 + 0.01) 649 (643 + 0.06) 244 + 8
0.55 (0.54 + 0.02) 5.80 (5.73 = 0.13) 284 + 4
0.69 (0.67 + 0.02) 3.68 (3.46 + 0.22) 84+ 6

“Device average values are based on more than 10 devices. The average values and variances are given in parentheses. bThe D/A ratio (w/w) of
PzNDTT-TPD1/PC;BM is 1:1; devices were prepared by adding 0.75% (v/v) DIO to the blend solution. “The D/A ratio (w/w) of PZNDTT-
TPD2/PC,BM is 1:1; devices were prepared by adding 3% (v/v) DIO to the blend solution.

organic solar cells offer optimized PCEs when employed
around 100 nm thick active layers.”” Although the absorption
can be enhanced by increasing the active layer thickness, an
increased absorption does not result in a higher PCE when
increasing the thickness beyond 100 nm since the increase in
current density (J,.) would be offset by the decrease in fill factor
(FF). It has been pointed out that this decrease in FF originates
from the enhanced charge recombination because of an
increase in carrier drift length. One way to overcome this
limitation is enhancing the charge carrier transport ability of the
donor material*® For PzNDTT-TPDI, it is with a higher
mobility after blending with PC, BM (see the following
section) that the J,. increased continuously and the FF
maintained simultaneously as the active layer thickness
increased to about 200 nm (Figure 2a). Consequently, the
highest PCE (7.50%) is observed at an active layer thickness of
203 nm (Figure 2b). As shown in Table 2, the average device
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PCE remains above 6.4% when the film thickness ranges from
141 to 244 nm. These thick active layers with high efficiency are
undoubtedly of great value for fabricating large area solution-
processed PSCs. In contrast, as shown in Table S3 in
Supporting Information, the performance of the PzNDTT-
TPD2-based device decreased with the increase of active layer
thickness. The best current—voltage (J—V) and external
quantum efficiency (EQE) curves for the two polymers devices
are shown in Figure 2¢ and d. From these charts, we observed
that the wide gap of PCEs between PzZNDTT-TPD1 and
PzNDTT-TPD2 mainly originated from the significant differ-
ence of J. The ] value is always determined by the hole
mobility, molecular packing, and film morphology besides
material absorption.’ Therefore, the difference of the two
polymer’s ], should be induced by integrating the impact of the

above facts.

dx.doi.org/10.1021/cm5033223 | Chem. Mater. 2014, 26, 6947—6954
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Figure 3. GIWAXS data for BHJ blend polymer films. Two-dimensional GIWAXS image of PZNDTT-TPD1/PC,;BM blend film with 0.75% DIO as
the processing additive (a); two-dimensional GIWAXS image of PZNDTT-TPD2/PC,,BM blend film with 3% DIO as the processing additive (b);
out-of-plane and in-plane patterns of two-dimensional GIWAXS of the PZNDTT-TPD1/PC,;BM blend film (c) and P2ZNDTT-TPD2/PC,BM

blend film (d).

The mobilities of the neat and blend polymer films were then
tested by space-charge-limited current (SCLC) measurements
(see Supporting Information, Figure SS for the J—V character-
istics). For the neat polymer, the hole mobility of PZNDTT-
TPD1 (9.1 X 107 cm® V™' s7") was slightly better than that of
PzNDTT-TPD2 (5.6 X 10™* cm® V™' s7"). After blending with
PC;,BM, the gap of the mobility between the two blend films
became wider. The hole mobility of the PzZNDTT-TPD1/
PC,,BM blend film rose to 1.1 X 107> cm®* V™' s™! compared
with that of the PZNDTT-TPD1 film. However, blending the
other polymer with PC, BM resulted in a negative
consequence, and the hole mobility dropped to 3.1 x 107
cm? V! 571, The hole mobilities showed differences probably
because the molecular stacking mode of the two polymers have
been affected by PC,BM. To investigate the charge carrier
transport properties of the two polymers in the lateral direction,
organic field-effect transistor (OFET) devices were fabricated.
Both PzZNDTT-TPD1 and PzNDTT-TPD2 exhibit typical p-
type organic semiconductor characteristics (see Supporting
Information, Figure S6 for the output and transfer curves of
two polymers). The influence of thermal treatments on
performance of OFETs was also studied (see Supporting
Information, Table S4). For PZNDTT-TPDI, it seems that
thermal annealing had negative impact on its OFET perform-
ance since it could obtain the best OFET performance (3.8 X
107 cm® V™' s7') without annealing. However, the hole
mobility of PZNDTT-TPD2 could maintain about 1.2 X 1073
cm? V7! s71 after thermal annealing at different temperatures,
which is slightly higher than that obtained without thermal
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annealing. In other words, the available data of SCLC and
OFETs suggest that the hole mobility of PZNDTT-TPD1 was
obviously higher than that of PzZNDTT-TPD2. Higher hole
mobility implies that the holes will be collected more quickly
and that the exciton recombination probability will be
reduced,®” which can partially explain the increase of J,. values
of PZNDTT-TPD1 devices.

To gain a deeper insight into the crystallinity and molecular
stacking mode of the two polymers in the active layers, grazing-
incidence wide-angle X-ray scattering (GIWAXS) analysis of
the polymer/PC,BM blend films with DIO additive on the
ZnO-modified Si substrate was operated (Figure 3). The
amorphous halo is centered at a value of g, of 1.26 A™'
corresponding to the PC,;BM aggregates in the blend films.*®
The PzNDTT-TPD1/PC,,BM blend film shows a conspicuous
diffraction (010) peak in the out-of-plane direction (g, ~ 1.73
A™") and a distinct (100) peak (q,, =~ 0.24 A7) in the in-plane
direction, indicating the existence of a face-on orientation for
PzNDTT-TPD1. The corresponding 7— stacking distance for
the PZNDTT-TPD1 is ca. 3.63 A. Such a molecular stacking
mode and shorter 7—n stacking distance seem much more
attractive in the PSCs.>® Besides, a strong (100) peak also
appears in the out-of-plane direction (g, ~ 0.25 A™"), which
might result from the interdigitation packing structure of
PzNDTT-TPDLI. In contrast, for the PZNDTT-TPD2/PC,,BM
blend film, no obvious diffraction peak corresponding to 7—7x
stacking was observed in the out-of-plane patterns, and only a
very weak in-plane signal at a value of g, of 0.26 A™' arose,
suggesting that the blend film tends to be more amorphous and

dx.doi.org/10.1021/cm5033223 | Chem. Mater. 2014, 26, 6947—6954
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Figure 4. Tapping mode AFM topography, phase, and TEM images of PZNDTT-TPD1/PC,,BM = 1:1 (w/w) processed by chloroform with 0.75%
DIO additive at the optimal thickness (203 nm) (a—c); PZNDTT-TPD2/PC,,BM = 1:1 (w/w) processed by chloroform with 3% DIO additive at
the optimal thickness (84 nm) (d—f). The size of the AFM image is 2.5 gm X 2.5 ym. The bar in the TEM image represents 200 nm.

that few ordered structures formed. Compared with PZNDTT-
TPD2, more ordered structure and superior crystallization
capability in the blend film for PZNDTT-TPD1 are consistent
with its higher hole mobility, which would presumably promote
the significant improvement of J..

Furthermore, atomic force microscopy (AFM) and trans-
mission electron microscope (TEM) analyses were also carried
out to validate the performance difference. AFM images reveal
the presence of large domains and a high level of aggregation in
the two polymers/PC,;BM blend films without the DIO
additive (see Supporting Information, Figure S7). By adding
very small amounts of DIO, the optimal blend film of
PzNDTT-TPD1/PC,,BM exhibits much smaller domain size
in the AFM image. Some widely distributed fibrillar structures
are clearly observed in the whole film (Figure 4b). The TEM
image (Figure 4c) also displays that polymer nanofibrils with
diameters of tens of nanometers have been achieved and that
PC,BM can be well intermixed between them. Such an
interpenetrating bicontinuous network morphology could be
beneficial to exciton diffusion and charge separation.’* In
contrast, for the optimal blend film of PzNDTT-TPD2/
PC;,BM, the morphology has not obviously improved with the
addition of DIO. Some island aggregations also appear in the
phase image (Figure 4e), and in the corresponding TEM image
(Figure 4f), obvious PC,;BM aggregations with the feature size
of hundreds of nanometers are presented. This large scale phase
separation would diminish the exciton migration to the
polymer/PC,;BM interface and influence the following charge
separation and collection, resulting in lower J,. and worse PCE
performance.’ Benefiting from the more optimized morphol-
ogy, PzZNDTT-TPD1 yielded a significant increase in J
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compared with PZNDTT-TPD2, leading finally to a high
PCE performance.

B CONCLUSIONS

In summary, two novel copolymers based on zNDTT as the
donor and TPD as the acceptor with different alkyl substituted
thiophene bridges, PZNDTT-TPD1 and PZNDTT-TPD2, have
been synthesized. As expected, the low-lying HOMO energy
level and high hole mobility can be obtained by introducing the
extended 2-D conjugated zZNDTT unit into polymer back-
bones. Encouragingly, all of the PCE values of inverted BHJ
solar cells based on PZNDTT-TPD1/PC,BM with active layer
thickness variations from 141 to 244 nm are above 6.4%, and
the highest PCE reaches 7.5% with an active layer thickness of
203 nm. The enhanced absorption derived from the increase in
the active layer thickness remedies a major defect of large band
gap, turning PZNDTT-TPD1 to a high efficient donor material
with a normal absorption spectrum. These results suggest that
2-D conjugated zZNDT (zNDTT) might be a very promising
candidate unit for the design and construction of novel highly
efficient donor materials with thick active layers.
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